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ABSTRACT Modified vaccinia virus Ankara (MVA), an attenuated poxvirus, has been
developed as a potential vaccine vector for use against cancer and multiple infec-
tious diseases, including human immunodeficiency virus (HIV). MVA is highly immu-
nogenic and elicits strong cellular and humoral responses in preclinical models and
humans. However, there is potential to further enhance the immunogenicity of MVA,
as MVA-infected cells undergo rapid apoptosis, leading to faster clearance of recom-
binant antigens and potentially blunting a greater response. Here, we generated
MVA-B13R by replacing the fragmented 181R/182R genes of MVA with a functional
anti-apoptotic gene, B13R, and confirmed its anti-apoptotic function against chemi-
cally induced apoptosis in vitro. In addition, MVA-B13R showed a significant delay in
induction of apoptosis in muscle cells derived from mice and humans, as well as
in plasmacytoid dendritic cells (pDCs) and CD141� DCs from rhesus macaques,
compared to the induction of apoptosis in MVA-infected cells. MVA-B13R ex-
pressing simian immunodeficiency virus (SIV) Gag and Pol and HIV envelope
(SHIV) (MVA-B13R/SHIV) produced higher levels of envelope in the supernatants
than MVA/SHIV-infected DF-1 cells in vitro. Immunization of BALB/c mice showed
induction of higher levels of envelope-specific antibody-secreting cells and mem-
ory B cells, higher IgG antibody titers, and better persistence of antibody titers
with MVA-B13R/SHIV than with MVA/SHIV. Gene set enrichment analysis of drain-
ing lymph node cells from day 1 after immunization showed negative enrich-
ment for interferon responses in MVA-B13R/SHIV-immunized mice compared to
the responses in MVA/SHIV-immunized mice. Taken together, these results dem-
onstrate that restoring B13R functionality in MVA significantly delays MVA-
induced apoptosis in muscle and antigen-presenting cells in vitro and augments
vaccine-induced humoral immunity in mice.

IMPORTANCE MVA is an attractive viral vector for vaccine development due to its
safety and immunogenicity in multiple species and humans even under conditions
of immunodeficiency. Here, to further improve the immunogenicity of MVA, we de-
veloped a novel vector, MVA-B13R, by replacing the fragmented anti-apoptotic
genes 181R/182R with a functional version derived from vaccinia virus, B13R. Our re-
sults show that MVA-B13R significantly delays apoptosis in antigen-presenting cells
and muscle cells in vitro and augments vaccine-induced humoral immunity in mice,
leading to the development of a novel vector for vaccine development against in-
fectious diseases and cancer.

KEYWORDS MVA, antibody responses, modified vaccinia virus Ankara, poxvirus,
vaccine, viral vector

Citation Chea LS, Wyatt LS, Gangadhara S,
Moss B, Amara RR. 2019. Novel modified
vaccinia virus Ankara vector expressing anti-
apoptotic gene B13R delays apoptosis
and enhances humoral responses. J Virol
93:e01648-18. https://doi.org/10.1128/JVI
.01648-18.

Editor Frank Kirchhoff, Ulm University Medical
Center

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Rama R. Amara,
ramara@emory.edu.

Received 18 September 2018
Accepted 17 November 2018

Accepted manuscript posted online 12
December 2018
Published

VACCINES AND ANTIVIRAL AGENTS

crossm

March 2019 Volume 93 Issue 5 e01648-18 jvi.asm.org 1Journal of Virology

19 February 2019

https://orcid.org/0000-0002-2154-8564
https://doi.org/10.1128/JVI.01648-18
https://doi.org/10.1128/JVI.01648-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:ramara@emory.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01648-18&domain=pdf&date_stamp=2018-12-12
https://jvi.asm.org


The goals of an effective vaccine are to induce robust and durable humoral and
cellular immunity to prevent and control pathogenic infection. To date, attenuated

poxviruses, such as ALVAC, NYVAC, and modified vaccinia virus Ankara (MVA), have
been explored as vaccine vectors for use against multiple infectious diseases and even
cancers. MVA is a highly attenuated derivative of vaccinia virus, with an excellent safety
record as well as proven sustained immunogenicity in humans and most mammals
despite being replication incompetent (1). The genetic attenuation achieved by MVA
was due to over 570 passages of vaccinia virus in chicken embryo fibroblast cells, which
led to approximately 12% of its genome being deleted or fragmented, with many of the
lost genes being host range and host immune-modulatory genes. For use as a vector,
the MVA genome can stably accommodate recombinant genes as large as 25 kb, and
due to the defect at the late stage of virion assembly, late gene and recombinant gene
expression can occur undeterred (2, 3).

These characteristics make MVA a promising vector for use in vaccinations. Vaccine
regimens utilizing MVA have undergone numerous preclinical and phase I/II clinical
trials for infectious diseases, including human immunodeficiency virus (HIV), Ebola, and
tuberculosis, as well as for a variety of cancers (4–17). These studies have demonstrated
that MVA is capable of inducing antigen-specific cellular and humoral responses in
participants. However, there still remains the need to induce better responses from
MVA immunizations, as not all participants induced antigen-specific immune responses
even after multiple immunizations (7, 13, 15). A vaccine capable of eliciting a more
robust response has the potential to be used as a prophylactic vaccine for preventing
infections or as a therapeutic one to help against disease progression.

Improving the immunogenicity of MVA by modulating the viral genome has been
pursued by many groups, namely through the deletion of immunomodulatory genes
(18–24). This strategy includes deletion of the anti-apoptotic F1L gene in MVA in order
to increase the rate of apoptosis induction via the intrinsic pathway (22). Apoptosis is
a form of programmed cell death mediated by host caspase enzymes, with character-
istic physiological features like cell shrinking, nuclear condensation and fragmentation,
membrane blebbing, and budding of apoptotic bodies (25, 26). The immunogenicity of
apoptotic cells may stem from prolonged storage of the cell-associated antigens within
dendritic cells (DCs) that capture and present the antigens (27). The persistence of
antigen by apoptotic cells and, thus, its immunogenicity could in part be attributed to
its targeted delivery to recycling endosomes and ability to recruit and stimulate
immune cells.

While it is clear that apoptotic cells are immunogenic, the kinetics of their genera-
tion may play an important role in improving antigen-specific responses. Using a
canarypox vector for HIV vaccination, Fang et al. expressed two vaccinia virus genes
that reduced the level of apoptosis, leading to enhanced HIV-1 pseudovirion produc-
tion in vitro (28). Additionally, an in vivo study using DNA-delivered mutated caspase 2
or 3 showed delayed apoptosis induction and increased immunogen expression before
the generation of apoptotic bodies (29). The mutated caspases performed similarly to
an adjuvant, as the authors observed enhanced CD4� and CD8� T cell responses
compared to the response to delivery of wild-type caspases. Modifying the MVA vector
to delay the induction of apoptosis during vaccination has the potential to improve
antigen-specific immune responses by allowing for more immunogen production
before apoptosis and enhancing the ability of DCs to generate memory B and T cells.

Here, we aimed to enhance the immunogenicity of the MVA vector by delaying
apoptosis induction through the expression of a vaccinia virus-derived anti-apoptotic
gene. B13R is a gene in the Western Reserve (WR) strain of vaccinia virus that has been
shown to protect against apoptosis via the extrinsic pathway in cells infected with
vaccinia virus (30). The gene product, serpin-2 (SPI-2), is expressed early during infec-
tion and is related to the serine protease inhibitor family of proteins (31, 32). SPI-2 and
its ortholog in cowpox, cytokine response modifier A (CrmA), are the best studied of the
poxvirus serpins. CrmA inhibits interleukin-1� (IL-1�)-converting enzyme (caspase 1)
and prevents apoptosis (32). It has also been shown to block apoptosis initiated by
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the Fas and tumor necrosis factor (TNF) receptors by potently inhibiting caspase
8-mediated apoptosis (33). Additionally, CrmA has the ability to abrogate the effects of
granzyme B released from cytotoxic T lymphocytes (CTLs) in vitro (34). CrmA thus has
the ability to prevent apoptosis initiated by the extrinsic and CTL-mediated pathways.
However, the ortholog of WR B13R in MVA is fragmented (181R/182R) and rendered
nonfunctional (35). In this study, we have replaced the fragmented genes in MVA with
a functional copy of B13R from the WR strain to delay the onset of apoptosis, increase
antigen load and persistence, and improve the adaptive immune response. Our data
show that MVA expressing the full-length B13R, MVA-B13R, is capable of delaying
apoptosis of infected cells compared to the induction of apoptosis by MVA and that this
leads to enhanced humoral responses in mice following vaccination.

RESULTS
MVA-induced cell death is mediated by caspases. To determine the degree of

apoptosis induced by MVA, we infected HeLa cells at a multiplicity of infection (MOI) of
3 and measured caspase 3 activation in MVA-infected cells by staining for the early
vaccinia virus E3 protein, to assess MVA infection (MVA-positive [MVA�] cells), and
for active caspase 3 (Fig. 1A). We used active caspase 3 to detect cells undergoing
apoptosis as it is a main downstream effector caspase in the apoptosis cascade that is
activated upon cleavage from its inactive pro-caspase 3 form by initiator caspase 8 or
9. In addition, we stained cells with an amine-reactive dye, LIVE/DEAD near-IR dead cell
stain, to detect membrane permeability, which denotes cells undergoing later stages of
apoptosis (also active caspase 3 positive [active caspase 3�]) or necrosis (active caspase
3 negative [active caspase 3�]). Through 88 h after infection, MVA infection significantly
increased caspase 3 activation, indicating caspase-dependent cell death induced by
MVA (Fig. 1B). To further confirm the role of cellular caspases during MVA-induced cell
death, we added inhibitors specific for individual caspases or for all caspases during
MVA infection and determined caspase 3 activation levels at 50 h postinfection.
Inhibition by a pan-caspase inhibitor, as well as individual caspases like caspases 3, 4,
6, and 8, led to reduced activation of caspase 3 during MVA infection compared to its
activation in the vehicle-treated MVA-infected cells, indicating a role for multiple
caspases in MVA-induced cell death (Fig. 1C).

MVA-induced apoptosis is delayed by B13R expression. After confirming the role
of caspases in MVA-mediated cell death, we expressed the B13R gene derived from WR
vaccinia virus to determine whether B13R expression during MVA infection would lead
to a delay in cell death (Fig. 1D). The MVA genes 181R/182R in MVA comprise the
nonfunctional disrupted orthologs of the WR B13R gene, and we initially removed them
via homologous recombination with a green fluorescent protein (GFP)-encoding PCR
product to generate MVA-GFPΔ181R/182R. The GFP gene was then replaced with the
full-length WR B13R gene, generating MVA-B13R. A Western blot analysis of MVA-B13R-
infected cell lysates showed a band of the expected size of 38.5 kDa for MVA-B13R,
confirming its expression (Fig. 1E). WR vaccinia virus-infected cells served as the positive
control, and the absence of a band in MVA- and mock-infected DF-1 cells (cell line
permissive to MVA replication) confirmed B13R expression by our novel construct,
MVA-B13R.

To confirm functionality of the B13R gene, we infected HeLa cells with MVA-B13R
and subsequently treated the infected cells with TNF-� and cycloheximide to chemi-
cally induce apoptosis. As expected, TNF-� and cycloheximide treatment induced
strong caspase 3 activation in cells as early as 24 h. However, infection with MVA-B13R
significantly reduced caspase 3 activation, by as much as 30%, at 24 h posttreatment
(Fig. 1F). These data indicate that B13R expression is capable of delaying the activation
of the apoptotic process. To address whether the expression of B13R would lead to
enhanced replication of the virus, we determined the growth curves of MVA or
MVA-B13R by infecting DF-1 cells at an MOI of 0.05 and measuring viral titers from cell
lysates. The growth curves for the viruses did not differ over time, indicating that B13R
expression did not affect the replication and spread of MVA in DF-1 cells (Fig. 1G).
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FIG 1 B13R expression by MVA during infection delays apoptosis of infected cells. HeLa cells were infected with MVA at an MOI of 3, and active
caspase 3 expression of MVA-infected cells was detected by flow cytometry. (A) Representative flow gating to determine the viability of
MVA-infected cells: doublet exclusion followed by vaccinia virus E3 protein expression for MVA� cells and LIVE/DEAD and active caspase 3 staining
for viability. SSC, side scatter; FSC, forward scatter. (B) Percentages of active caspase 3� cells among MVA� cells. (C) HeLa cells were infected with
MVA at an MOI of 2 for 2 h, and then inoculum was replaced with fresh medium containing indicated caspase inhibitors or DMSO (vehicle control)
at 100 �M. Active caspase 3 expression was detected among MVA� cells at 48 h postinfection and normalized to the results for vehicle control.
(D) Schematic of B13R insertion strategy: 181R/182R gene from the MVA genome was replaced via homologous recombination with GFP. GFP was
then replaced with B13R derived from Western Reserve (WR) strain of vaccinia virus to generate MVA-B13R. (E) Western blot analysis of DF-1 cell

(Continued on next page)
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Additionally, electron microscopy (EM) imaging of infected cells showed no structural
differences in budding, mature virions produced by the two viruses at 24 h after
infection (Fig. 1H). Thus, B13R expression during the course of MVA infection is able to
delay cell death induction without interfering with the growth rate or structure of the
virus.

MVA-B13R delays death of infected cells compared to MVA. After confirming
that B13R expression is capable of delaying chemically induced cell death, we com-
pared the kinetics of cell death between MVA-B13R and MVA. MVA infection resulted in
strong activation of caspase 3 in HeLa, RD, and C2C12 cell lines. Kinetic analysis of HeLa
cells infected at an MOI of 2 demonstrated significant delay of caspase 3 activation by
MVA-B13R compared to the results for MVA, beginning at 36 h after infection (Fig. 2A).
Interestingly, MVA-B13R infection significantly increased the frequency of necrotic cells,
e.g., cells undergoing nonapoptotic cell death (Fig. 2A). We performed the same
analysis in RD cells, a human muscle cell line derived from a patient’s rhabdomyosar-
coma, as immunizations are typically administered through the intramuscular route. At
an MOI of 3 for infections, we again saw a delay in caspase 3 activation by MVA-B13R
in the RD cells (Fig. 2B). Additionally, as we aimed to perform immunogenicity studies
in a mouse model, we used a mouse myoblast cell line, C2C12, to test the effect of B13R
expression during MVA infection. The MOI used for the C2C12 cell line was lowered to
0.3 to achieve approximately 50% infection, as greater amounts of virus caused rapid
cell death with both virus strains. The reduced level of infectivity allowed us to detect
lowered caspase 3 activation, as well as increased cell necrosis, over time for MVA-B13R
compared to the results for MVA, similar to what was observed during infection in HeLa
cells (Fig. 2C).

As the next ideal preclinical model that we hope to test the immunogenicity of
MVA-B13R in is rhesus macaques, we assessed how MVA-B13R would influence the
viability of immune cells from rhesus macaques. Peripheral blood mononuclear cells
(PBMCs) from naive rhesus macaques were infected ex vivo with MVA or MVA-B13R at
an MOI of 3 and stained to assess MVA infection and viability among various cell
subsets by flow cytometry (Fig. 2D to G). We first determined the levels of MVA
infectivity in different immune cell subsets (Fig. 2F). Plasmacytoid DCs (pDCs) (Lin�

HLA-DR� CD11c� CD123�), followed by CD141 (BDCA-3)� DCs (Lin� HLA-DR� CD11c�

CD141� CD1c�) and CD1c (BDCA-1)� DCs (Lin� HLA-DR� CD11c� CD1c� CD141�)
were among the more highly infected subsets, with 50 to 95% infectivity. B cells
(HLA-DR� CD20�) and CD16� CD14� (Lin� HLA-DR�) cells were moderately infected,
with infectivity ranging from about 15% to 35%. Both CD8� and CD4� T cells showed
low levels of infection, with a range of 0.5 to 10% infection.

Given the important role antigen-presenting cells (APCs) play in instigating immune
responses and the higher levels of infectivity observed in these subsets, we focused on
the effect of MVA infection on DCs. pDCs play an important role for antiviral responses
through rapid release of type I interferons (IFNs) upon activation and antigen presen-
tation capabilities through major histocompatibility complex (MHC) classes I and II (36,
37). Here, we observed a decrease in caspase 3 activation for MVA-B13R-infected pDCs
compared to its activation in MVA-infected cells (Fig. 2G). CD141� DCs have high
expression levels of type I IFNs, IL-12p70, and Toll-like receptor 3 (TLR3), have the
capacity to induce T helper 1 cell responses, and can cross-present efficiently to
cytotoxic T cells (38–41). Here, CD141� DCs that were infected with MVA exhibited a
higher frequency of caspase 3 activation than did MVA-B13R-infected cells from the

FIG 1 Legend (Continued)
lysates infected with WR strain, MVA, or MVA-B13R at an MOI of 0.5 at 24 h after infection to detect B13R expression. (F) HeLa cells were mock
infected or infected with MVA-B13R for 16 h at an MOI of 3. Cells were then treated with 25 ng/ml TNF-� and 5 �g/ml cycloheximide (CHX), and
caspase 3 activation among MVA� cells was determined. (G) DF-1 cells were infected at an MOI of 0.05 with MVA or MVA-B13R. At indicated times
after infection, cell lysates were harvested to determine viral titers by plaque assay. (H) DF-1 cells were infected at an MOI of 0.25 with MVA or
MVA-B13R and imaged by electron microscopy at 24 h postinfection. For panels B, C, F, and G, data are mean values � standard errors of the
means (SEM) from duplicate samples. Data are representative of two or more independent experiments. *, P � 0.05.
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FIG 2 MVA-B13R delays cell death of infected cells compared to MVA. (A to C) Kinetics of caspase 3 activation and rates of necrosis of mock-, MVA-, or
MVA-B13R-infected HeLa cells (MOI of 2) (A), RD cells (a human muscle cell line; MOI of 3) (B), and C2C12 cells (a mouse myoblast cell line; MOI of 0.3) (C). (D
to G) PBMCs from rhesus macaques were coincubated with MVA or MVA-B13R (MOI of 3) and analyzed by flow cytometry to detect MVA� cell subsets and

(Continued on next page)
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same animal, indicating better viability of these cells after MVA-B13R infection, similar
to that observed in pDCs (Fig. 2G). As B cells are APCs, as well as the source of
antigen-specific antibodies, we assessed B cell viability after MVA infection and saw a
trend for improved viability after infection with MVA-B13R (Fig. 2G). The remaining APC
and T cell subsets did not demonstrate differences in viability after MVA-B13R infection
relative to the results with MVA (Fig. 2G). Together, these data indicate the possibility
that MVA-B13R-based vaccinations in vivo can significantly influence the viability of
APCs, which would substantially shape the adaptive immune response.

Generation of MVA/SHIV and MVA-B13R/SHIV. In pursuing our goal to generate
a viral vector for immunogenicity studies, we generated recombinant MVA and MVA-
B13R viruses that express simian immunodeficiency virus (SIV) Gag and Pol and HIV
envelope (Env) (SHIV) antigens (Fig. 3A). For both viral strains, we inserted the
SIVmac239-derived Gag and Pol genes into the deletion III site and the clade C HIV Env
1086C gene between essential genes of the viral genomes, resulting in viruses express-
ing SHIV antigens. We confirmed dual expression of SIV Gag and HIV Env by infecting
DF-1 cells and staining with antibodies specific to these proteins for flow cytometry
(Fig. 3B). More than 85% of the infected cells expressed Gag (Gag�) and Env, and about
90% of the Gag� cells coexpressed Env (Fig. 3B). In addition, we performed Western
blot analysis of infected cell lysates to confirm the sizes of the expressed proteins,
which revealed the presence of Gag and Env proteins at the expected sizes in cell
lysates (Fig. 3C). To test whether there was a difference in the levels of protein
expression between the two recombinant vectors over time, we performed a kinetic
analysis over 96 h after infection for Env expression in cell lysates, as well as in the
supernatants, as these constructs are designed to make SHIV virus-like particles (VLPs).
Interestingly, Env production through the course of infection appeared to be higher in
the MVA-B13R/SHIV-infected-cell lysates than in MVA/SHIV-infected-cell lysates, partic-
ularly in the supernatant (Fig. 3D). Using infected DF-1 cells from the same time points,
we determined that the level of caspase 3 activation was significantly lower in the
MVA-B13R/SHIV-infected cells than in MVA/SHIV-infected cells, with a concomitant
increase in necrosis (Fig. 3E). This may indicate the ability of MVA-B13R to produce more
antigen through its prolonging of the viability of infected cells.

MVA-B13R/SHIV induces higher and more durable Env-specific humoral re-
sponses than MVA/SHIV. To determine the immunogenicity of MVA-B13R/SHIV in vivo,
we immunized BALB/c mice intramuscularly with either MVA/SHIV or MVA-B13R/SHIV at
a dose of 107 PFU at weeks 0 and 4 (Fig. 4A). To determine antigen-specific humoral
immunity, we focused our analyses on the period after the booster immunization and
measured the Env-specific antibody-secreting cells (ASCs) in the spleen at week 5,
Env-specific IgG titers in serum at weeks 5 to 8, and memory B cells (MBCs) in the spleen
at week 8. Impressively, the MVA-B13R/SHIV-immunized mice induced approximately
3-fold-higher numbers of Env-specific ASCs than the MVA/SHIV-immunized mice (Fig.
4B). This was associated with significantly higher levels of Env-specific IgG titers
detected in the serum of MVA-B13R/SHIV-immunized mice at weeks 5 and 6 (Fig. 4C).
Serum titers continued to be higher for MVA-B13R/SHIV-immunized mice at week 8.
Additionally, we saw less contraction of serum titers from week 5 to week 8 for
MVA-B13R/SHIV-immunized mice (Fig. 4D). Impressively, at week 8, we also saw an
increased frequency of Env-specific MBCs detected in the spleens of MVA-B13R/SHIV-
immunized mice compared to the results for MVA/SHIV-immunized mice (Fig. 4E).
Taken together, our data demonstrate the ability of MVA-B13R/SHIV to induce greater

FIG 2 Legend (Continued)
viability. (D) Representative gating strategy of APC subsets: B cells (CD3� CD20� HLA-DR�), CD16� CD14� cells, pDCs (Lin� HLA-DR� CD11c� CD123�), CD141�

DCs (Lin� HLA-DR� CD11c� CD141� CD1c�), and CD1c� DCs (Lin� HLA-DR� CD11c� CD1c� CD141�). (E) Representative gating strategy of CD4� and CD8�

T cells. (F) Representative MVA staining of mock- or MVA-infected pDCs and percentages of MVA and MVA-B13R infection for various cell subsets. Lines indicate
matched samples. (G) Left, representative viability staining of MVA- or MVA-B13R-infected pDCs with active caspase 3 and LIVE/DEAD; right, percentages of
active caspase 3� cells among MVA� cell subsets (lines indicate matched samples). For panels A to C, data are mean values � SEM from duplicate samples
and are representative of two or more independent experiments. Exact P values are reported for some data; *, P � 0.05; **, P � 0.01.
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and more durable Env-specific humoral responses than MVA/SHIV in our prime/boost
vaccination regimen.

We additionally measured the MVA-specific IgG serum titers and observed no
difference between the groups at week 5 or 6 (Fig. 4F). When we compared the ratio

FIG 3 Generation of recombinant MVAs expressing HIV Env 1086C and SIV Gag. (A) Schematic showing insertion sites for HIV Env and SIVmac239
Gag and Pol genes in MVA genomes to generate SHIV constructs. Both gene cassettes are under the control of an independent early/late vaccinia
virus promoter, modified H5 (mH5). (B) Flow cytometry confirmed dual expression of SIV Gag and HIV Env from MVA/SHIV and MVA-B13R/SHIV
constructs at 36 h after infection of DF-1 cells. (C) Western blotting confirmed expression of SIV Gag and HIV Env from MVA/SHIV- and
MVA-B13R/SHIV-infected DF-1 cell lysates at 48 h after infection at an MOI of 0.05. (D, E) DF-1 cells were infected with MVA/SHIV or MVA-B13R/SHIV
at an MOI of 0.05. (D) Cell lysates and supernatant were harvested at indicated time points for detection of HIV Env by Western blotting. Relative
quantities of each band as determined by densitometry are presented below Western blot images. Representative images from two independent
experiments are shown. (E) Cells were harvested at indicated time points and percentages of caspase 3 activation and necrosis were detected
for MVA� cells. For panel E, data are mean values � SEM from two independent experiments. *, P � 0.05.
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of Env-specific to MVA-specific serum IgG titers, MVA-B13R/SHIV-immunized mice had
a higher ratio, which indicated skewing of humoral responses to the recombinant
antigen of interest in comparison to the response to the viral vector backbone itself
(Fig. 4G). Together, our results demonstrate the ability of our MVA-B13R/SHIV construct

FIG 4 MVA-B13R/SHIV immunization enhances Env-specific humoral responses. BALB/c mice were immunized intramuscularly twice with 107 PFU/dose of
MVA/SHIV or MVA-B13R/SHIV. (A) Schematic of the prime/boost immunization schedule and sampling time points. (B) Left, representative ELISpot of Env-specific
IgG antibody-secreting cells (ASCs) at week 5 from MVA/SHIV- or MVA-B13R/SHIV-immunized mice. Right, Env-specific IgG ASCs measured from splenocytes at
week 5. (C) Env-specific serum IgG titers were measured at weeks 5, 6, and 8. (D) Week 8-to-week 5 ratio of Env-specific serum IgG titers. (E) Env-specific memory
B cells (MBCs) measured from splenocytes at week 8. (F) MVA-specific serum IgG titers measured at weeks 5 and 6. (G) Ratios of Env-specific to MVA-specific
serum IgG titers at weeks 5 and 6. (H) Frequencies of HIV Env-specific and SIV Gag-specific IFN-�–, IL-2-, and TNF-producing CD4� T cells from splenocytes at
week 5. Bars represent mean values � SEM. Data are representative of two or more independent experiments. Exact P values are reported for some data; *,
P � 0.05; ns, not significant.
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to generate more antigen-specific humoral responses while avoiding the generation of
excessive antivector responses. We also determined the SHIV-specific cellular responses
to autologous HIV Env and SIV Gag antigens by stimulating with peptide pools for
cytokine detection by intracellular cytokine staining (ICS) and enzyme-linked immu-
nosorbent spot assay (ELISpot). These analyses did not reveal significant differences
between the groups at week 5, demonstrating that MVA-B13R/SHIV did not enhance
the T cell response (Fig. 4H).

MVA-B13R/SHIV delays antiviral IFN responses. In an effort to understand if there
are any differences between MVA and MVA-B13R on a global level early after vaccina-
tion, we performed transcriptome sequencing (RNA-Seq) analysis. We immunized mice
intramuscularly with 107 PFU of virus, and cells from the draining inguinal lymph nodes
were isolated at 1, 2, and 6 days after immunization for RNA-Seq analysis. Inguinal
lymph nodes were isolated from naive mice as a control. Differentially expressed genes
(DEGs) between groups were defined as having a log2-fold change of �1.0 or ��1.0
and an adjusted P value of �0.05. For MVA/SHIV-immunized mice compared to naive
mice, the number of DEGs peaked at day 1 with 255 DEGs and then decreased at days
2 and 6 (Fig. 5A). Metacore was used to curate a list of the top 50 enriched gene
ontology (GO) processes for DEGs on each day, and subsequently, REViGO was used to
summarize and display the GO processes in the form of a network (42). Analysis of the
GO processes related to day 1 DEGs highlighted processes mainly related to type I and
type II IFN responses, antiviral defense responses, and antigen processing and presen-
tation (Fig. 5B). Analysis of day 2 samples from MVA/SHIV-immunized mice indicated
mostly type I IFN responses, antiviral defense responses, and responses to compounds
like corticosterone, cyclic AMP (cAMP), and calcium ion. The responses to molecules
considered to be components of signaling cascades indicate a heightening of the
global immune response at this point (Fig. 5C). At day 6, we observed a shift from
innate immune responses to more adaptive immune responses, which included B cell
activation, leukocyte differentiation, and antigen processing and presentation (Fig. 5D).

The number of DEGs detected in the comparison of MVA-B13R/SHIV-immunized and
naive mice began with 66 DEGs at day 1, then increased to 226 at day 2 and 318 at day
6 (Fig. 5A). The different number of DEGs detected on each day for each vaccination
group compared to naive mice indicated the potential differences in the early response
generated by both viruses, particularly at day 1 after vaccination. Comparison of
MVA-B13R/SHIV-immunized mice versus MVA/SHIV-immunized mice at day 1 did not
yield DEGs, but there were 45 genes that had an adjusted P value of �0.05 regardless
of log2-fold-change values, and select genes are depicted here (Fig. 5E). These genes
are related to antiviral response (Bst2, Ifi35, Nmi, Lgals9, and Samhd1), antigen process-
ing and presentation (Psme2 and Psmb9), and apoptosis (Casp8 and Sp110). Interest-
ingly, 80% of the genes (36 of 45) have lower levels of expression in the MVA-B13R/
SHIV-immunized group than in the MVA/SHIV-immunized group (data not shown).

Gene set enrichment analysis (GSEA) was performed to determine gene sets that
were differentially enriched between groups. Gene sets with false discovery rates of
�0.05 and normalized enrichment scores of �1.35 or ��1.35 were considered signif-
icantly enriched. GSEA results for day 1 samples from MVA/SHIV-immunized mice
compared to samples from naive mice demonstrated enrichment in the IFN Alpha
Response gene set, supporting the enhanced type I IFN responses detected in the GO
process analysis (Fig. 5F, gray). Day 1 samples from MVA-B13R/SHIV-immunized mice
also demonstrated enrichment for IFN-� responses compared to the results for samples
from naive mice (Fig. 5F, red).

Surprisingly, when we performed GSEA comparisons of MVA-B13R/SHIV-immunized
mice and MVA/SHIV-immunized mice at day 1 of vaccination, the MVA-B13R/SHIV-
immunized group was negatively enriched for IFN-� responses compared to the
MVA/SHIV-immunized mice, indicating that MVA-B13R/SHIV-immunized mice were
mounting an IFN-� response to a lesser degree than MVA/SHIV-immunized mice (Fig.
5G). From the three GSEA comparisons performed (MVA/SHIV-immunized versus naive
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FIG 5 MVA-B13R/SHIV induces less robust type I and II interferon responses than MVA/SHIV. BALB/c mice were immunized intramuscularly with 107 PFU of
MVA/SHIV or MVA-B13R/SHIV, and draining inguinal lymph node cells were isolated at days 1, 2, and 6 after immunization (n � 5/group/time point) for

(Continued on next page)
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mice, MVA-B13R/SHIV-immunized versus naive mice, and MVA-B13R/SHIV- versus MVA/
SHIV-immunized mice) with the Hallmark IFN Alpha Response gene set, we compiled a
cumulative list of leading-edge genes and depicted the values from individual animals
in a heatmap (43). We were able to observe that the MVA/SHIV-immunized group had
higher expression levels of IFN-� signaling-related genes than the MVA-B13R/SHIV-
immunized group (Fig. 5H). This pattern of lower expression levels in the MVA-B13R/
SHIV-immunized group at day 1 was also seen for the Hallmark IFN Gamma Response
gene set (data not shown). GSEA comparisons between both groups at days 2 and 6
resulted in no differences in responses, indicating that MVA-B13R/SHIV-immunized
mice had delayed antiviral responses that became comparable by day 2 (data not
shown). The data indicate that while both immunizations induced in vivo antiviral
immune responses, MVA-B13R/SHIV-immunized mice were generating a less robust
type I and II IFN response within the first day of immunization, which could influence
the subsequent adaptive response.

DISCUSSION

Genetic modulation of poxviruses in order to create vectors that are both safe and
immunogenic has been extensively studied and reviewed elsewhere (44–46). Here, we
introduced a functional copy of the anti-apoptosis gene B13R from the WR strain of
vaccinia virus into MVA. The expression of B13R during MVA infection demonstrated
delayed cell death in vitro in muscle cells and professional APCs and improved the
magnitude and durability of Env-specific antibody titers and memory B cell responses
in vivo. Interestingly, MVA-B13R/SHIV immunizations were associated with negative
enrichment of both type I and II IFN responses at 1 day after the priming vaccination
compared to the IFN responses in the MVA/SHIV-immunized group. Collectively, these
data show that restoring the function of the 181R/182R genes using WR B13R in MVA
significantly delays apoptosis of MVA-infected cells and that this is associated with
enhanced humoral immunity and altered IFN signaling.

The immune mechanisms that led to enhanced humoral immunity need further
investigation. The delay observed in apoptosis after infection with MVA-B13R in vitro,
along with the concomitant increase in necrosis, may have been sufficient to influence
the microenvironment and enhance the humoral response. Necrosis is a form of
regulated cell death that can manifest in a variety of ways, including necroptosis and
pyroptosis (47, 48). These forms of regulated necrosis are morphologically associated
with cell swelling, mild chromatin condensation but with nuclei remaining intact, and
the rapid loss of membrane integrity, leading to the release into the microenvironment
of cellular contents such as damage-associated molecular patterns (DAMPs), which alert
the immune system (49). The delayed apoptosis potentially allowed for a prolonged
period of time when Env-loaded apoptotic bodies were being released and phagocy-
tosed by APCs. Additionally, the combination of DAMPs and antigen directly released
into the microenvironment due to necrosis could have influenced the humoral re-
sponse. Tam et al. demonstrated that the administration of exponentially increasing
doses of antigen over 1 week generated greater antibody titers than a single bolus
administration and that the longer the period of time the increasing doses were
administered over, the greater the antibody response (50). The relatively greater
amounts of Env detected in cell lysates and supernatants through 96 h of infection by

FIG 5 Legend (Continued)
RNA-Seq analysis. Lymph nodes from naive mice (n � 5) were isolated as controls. One sample (MVA/SHIV mouse, day 1) was not included in the analysis
as it mapped poorly to the reference sequence. (A) DEG analysis comparing mice at day 1, 2, or 6 after immunization to naive mice. DEG criteria were log2-fold
change of �1.0 or ��1.0 and adjusted P value of �0.05. (B to D) Enriched gene ontology (GO) processes associated with DEGs from MVA/SHIV-immunized
versus naive mice at day 1 (B), day 2 (C), and day 6 (D) were curated and visualized as a network. Colors are related to GO process P values, node sizes are
related to numbers of related processes, and edge widths are related to degrees of similarity. (E) Heatmap depicting select DEGs from MVA/SHIV- compared
to MVA-B13R/SHIV-immunized mice at day 1 after immunization. DEG criterion was an adjusted P value of �0.05. (F) Overlaid GSEAs comparing
MVA/SHIV-immunized mice at day 1 to naive mice (gray) and MVA-B13R/SHIV-immunized mice at day 1 to naive mice (red). (G) GSEA comparing
MVA-B13R/SHIV- to MVA/SHIV-immunized mice at day 1 after vaccination. (H) Heatmap of cumulative leading-edge genes from GSEAs shown in panels F and
G. Heatmap colors represent the log2-fold-change values relative to the median value for each gene. NES, normalized enrichment score; FDR, false discovery
rate. Leading-edge genes are shown as black-outlined dots.
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MVA-B13R/SHIV indicate its potential to sustain Env production and release for a longer
period of time than MVA/SHIV, which could have contributed to the improved humoral
response (Fig. 3D).

Previously, Perdiguero et al. modulated MVA-induced apoptosis by deleting the
anti-apoptotic F1L gene in MVA, which led to increased apoptosis and production of
type I IFNs from infected cells (22). Immunizations with the F1L deletion mutant
resulted in enhanced T cell responses, mainly directed at the Pol antigen, while
gp120-specific antibody responses were not significantly different than the responses
to immunizations with the parental MVA strain. Our approach of delaying apoptosis
instead led to enhancement in antigen-specific humoral but not cellular responses. A
possible difference between our B13R-expressing MVA and the F1L deletion MVA
mutant may be the cytokines induced after infection. The MVA with F1L deleted
enhanced the production of the type I IFN response in vitro. This is in contrast to
delayed IFN responses observed with our MVA-B13R/SHIV construct in mice, which
could contribute to differential intracellular signaling between the two vectors. Addi-
tionally, F1L has been described as a suppressor of the proapoptotic Bcl-2 family
proteins and an inhibitor of caspase 9, the initiator caspase for the intrinsic apoptotic
pathway (51–53), while B13R and its orthologs alternatively have been described as
inhibitors of the extrinsic pathway (32, 33). The potential differences in IFN production
and the targeting of different points of the apoptotic pathway may explain the
differences in the adaptive immune responses observed.

Dai et al. showed that the detection of MVA in conventional DCs in mice is mediated
by the cytosolic DNA sensor cyclic GMP-AMP synthase (cGAS), which signals through
the adaptor protein STING and leads to induction of type I IFNs (54). They also indicated
that processing of MVA virions after viral entry in the late endosomal and lysosomal
compartments would lead to release of viral DNA into the cytoplasm, allowing detec-
tion by cGAS. Our RNA-Seq results from day 1 after immunization indicate that
MVA-B13R/SHIV-vaccinated mice have significantly lower levels of expression of genes
related to immunoproteasome assembly and antigen processing than MVA/SHIV-
vaccinated mice, which is not observed at subsequent time points after immunization
(Fig. 5E). Together, these observations indicate the possibility that MVA-B13R is influ-
encing the lysosomal-processing pathway of a cell early during infection, hindering the
release of viral DNA into the cytoplasm for detection by cGAS, and thereby delaying
type I IFN production. STING has also been shown to be an adaptor protein for other
cytosolic DNA sensors, such as DDX41 (55), which we observed to be expressed at a
lower level at day 1 of MVA-B13R/SHIV immunizations, supporting our hypothesis of
delayed viral DNA sensing (Fig. 5E). The decreased cell death we observed for MVA-
B13R-infected pDCs and CD141� DCs supports the idea of slower viral sensing and cell
death during MVA-B13R infection (Fig. 2G). The delay in cell death and viral sensing
with MVA-B13R, in addition to the extended period of time when more antigen could
be produced, likely is sufficient to influence the adaptive response.

Interestingly, among the DEGs observed at day 1 for MVA-B13R/SHIV- versus MVA/
SHIV-immunized groups, Casp8, encoding caspase 8, was observed to be more highly
expressed in the MVA/SHIV-immunized group than in the MVA-B13R/SHIV-immunized
group (Fig. 5E). Caspase 8 is an initiator caspase of the apoptosis cascade that responds
to extracellular stimuli for cell death, such as TNF-� or Fas ligand signaling (56). Caspase
8 activation leads to the initiation of downstream effector caspases, such as caspases 3,
6, and 7. The increased expression of Casp8 in MVA/SHIV-immunized mice at 1 day after
immunization may indicate an enhanced antiviral state among the cells of the draining
lymph node that are likely responding to the inflammatory microenvironment and
the presence of virus. The reduced expression of Casp8 for the MVA-B13R/SHIV-
immunized group suggests an association with the ability of MVA-B13R to inhibit
caspase 8 activation and create a temporarily less inflammatory environment during
the early stages of vaccination. It is possible that time points earlier than 24 h after
immunization could have revealed further differences between the antiviral states
induced by our two MVA vectors.
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Others have shown the adjuvating properties of type I IFN signaling on humoral
responses following acute infection or vaccination (57–60). We showed here that both
MVA/SHIV and MVA-B13R/SHIV vaccinations induced significant IFN-� and IFN-� re-
sponses compared to the levels in naive mice, as expected during an antiviral response;
however, MVA-B13R/SHIV administration led to reduced expression levels for IFN
signaling genes compared to MVA/SHIV at the early stages of infection, which became
comparable by day 2 (Fig. 5F to H and data not shown). The data indicate that there is
not an absence of IFN response occurring at this time, but there may be a slower
ramping up to the peak of the immune response against MVA-B13R/SHIV, which could
be due to less overall cell death occurring initially, delayed viral sensing by infected
cells, and greater antigen production for an extended period of time. Altogether, these
processes occurring early in the response may have influenced the enhanced Env-
specific antibody and memory B cell levels we observed. Future studies to elucidate the
differing early responses against these viruses in vivo are still required.

In summary, we show that MVA expressing an anti-apoptotic gene, B13R, is effective
at delaying cell death of infected cells and capable of generating strong and durable
Env-specific antibody titers and memory B cells when used as a vaccine vector
(MVA-B13R/SHIV) in mice. These in vivo results are likely due to the increase in antigen
levels produced over time, in addition to the delay of the antiviral inflammatory
response generated against MVA-B13R. Studies in nonhuman primate (NHP) models
would be informative to further determine the immunogenicity of the MVA-B13R
vector, as the NHPs are closer to humans and will better inform the clinical utility of
MVA-B13R as a vaccine vector.

MATERIALS AND METHODS
Generation of MVA-B13R. Due to high sequence homology between WR vaccinia virus B13R and

MVA 181R/182R genes (98.6% homology), we first knocked out MVA 181R/182R from the genome via
homologous recombination with PCR product 1, encoding the end of the MVA 180R gene and the
intergenic region at the end of 180R (fragment A), a GFP-encoding cassette with a P11 promoter
(fragment B), and the intergenic region at the start of MVA 183R plus the beginning of the MVA 183R
gene (fragment C). Fragments A, B, and C were generated separately and designed to have at least 15 bp
of overhang, which allowed the fragments to be assembled by overlap extension PCR. Fragment A was
amplified from MVA DNA using forward primer LW-540 (5=-GGATATTGCATGATAGAATGGTTCGGTGG-3=)
and reverse primer LW-541 (5=-AGAAGATATCCATAGTAATCGATATTGGTCG-3=). Fragment B was amplified
from the plasmid insertion vector pLAS-1 using forward primer LW-542 (5=-CCAATATCGATTACTATGGA
TATCTTCTTTTCATTTTGTTTTTTTCTATGCTATAAATGGTGAGCAAGG-3=) and reverse primer LW-543 (5=-TTA
CTTGTACAGCTCGTGCATGCCG-3=). Fragment C was amplified from MVA DNA using forward primer
LW-544 (5=-GGCATGCACGAGCTGTACAAGTAACCATTTTTTTTAAAAAAATAGAAAAAACATGTGGTATTAG
TGC-3=) and reverse primer LW-545 (5=-CACAATCTTTGACATCATCCCACGGC-3=). For overlap extension
PCR of fragments A, B, and C, forward primer LW-540 and reverse primer LW-545 were used. Following
recombination of the GFP-encoding PCR product into MVA and plaque purification, the GFP-encoding
sequence was subsequently knocked out with PCR product 2, encoding WR B13R flanked by fragments
A and C as described above via recombination. PCR product 2 was amplified from WR DNA using forward
primer LW-540 and reverse primer LW-545 (the same primers can be used due to the presence of
identical sequences in the MVA and WR genomes). Recombinants were plaque purified to generate
MVA-B13R. Sequences were confirmed for both PCR products and MVA-B13R viruses (GenBank accession
number MK170380). Lysates of virus-infected DF-1 cells were purified through a 36% sucrose cushion for
virus stocks.

In vitro infections. DF-1 cells (spontaneously immortalized chicken embryo fibroblast cell line), HeLa
cells, C2C12 cells (a mouse myoblast cell line [CRL-1772; ATCC]), and RD cells (a human muscle
rhabdomyosarcoma cell line [CCL-136; ATCC]) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 units penicillin/ml, 0.1 mg/ml strepto-
mycin, and 1% L-glutamine. For infections, MVA viruses at the MOIs indicated in the relevant figure
legends were added in complete DMEM with 2% FBS. After 1.5 to 2 h of inoculation, the inoculum was
removed and fresh 10% FBS– complete DMEM was added. To harvest cells, DMEM was removed, and cells
were washed with warm phosphate-buffered saline (PBS) and treated with trypsin to release cells into
suspension. For testing the effect of various caspase inhibitors during MVA infection, individual caspase
inhibitors (R&D Systems) were reconstituted in dimethyl sulfoxide (DMSO). Cells were inoculated with
virus at an MOI of 2 for 2 h. The inoculum was replaced with fresh complete DMEM containing 100 �M
of the individual caspase inhibitors, and cells were harvested 48 h postinfection to be stained for
intracellular active caspase 3 expression. For testing the functionality of B13R during MVA infection, HeLa
cells were inoculated with virus at an MOI of 3 for 1.5 to 2 h, the inoculum was removed, and fresh DMEM
was added. Sixteen hours later, the medium was replaced with DMEM containing 25 ng/ml recombinant
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human TNF-� (Tonbo) and 5 �g/ml cycloheximide (Sigma), and cells were harvested for staining at
various time points posttreatment.

Western blot analysis. DF-1 cells were infected at the MOIs of virus indicated in the relevant figure
legends and harvested at various time points postinfection. Supernatant was collected and centrifuged
to ensure separation of cells. After infected cells were washed with cold PBS, RIPA buffer (ThermoSci-
entific) with protease inhibitor was added and cell lysates were collected according to the manufacturer’s
protocol. Lysate or supernatant samples were added to Laemmli buffer containing �-mercaptoethanol,
heated to 95°C, and run on 4 to 15% SDS-PAGE gels for Western blotting. B13R was detected with
polyclonal rabbit anti-B13R antiserum (diluted 1:5,000; gift from Geoffrey Smith, University of Cam-
bridge), Gag was detected with a mouse anti-Gag p27 monoclonal antibody (2F12; NIH AIDS Reagent
Program), and Env was detected with a mouse anti-Env monoclonal antibody (ID6; NIH AIDS Reagent
Program). Secondary goat anti-rabbit Ig-horseradish peroxidase (HRP) (diluted 1:5,000; Southern Biotech)
or goat anti-mouse IgG-HRP (diluted 1:10,000; Southern Biotech) was used for detection. Enhanced
chemiluminescence (ECL) substrate (GE Healthcare) was used for chemiluminescence detection. Image
Lab version 6 (Bio-Rad) was used for densitometry analysis.

Analysis of virus growth. DF-1 cells were infected at an MOI of 0.05 with MVA or MVA-B13R. At
indicated time points postinfection, cell layers were washed with PBS and trypsinized to harvest cells.
Collected cells were freeze-thawed at �80°C/37°C, respectively, and sonicated three times to ensure
disruption of cell membranes and release of virus. Titers of virus recovered from lysates were determined
on DF-1 cells by plaque assay.

Infection of rhesus macaque PBMCs. For ex vivo infection of rhesus macaque peripheral blood
mononuclear cells (PBMCs), blood was collected from naive rhesus macaques in sodium citrate CPT
tubes. Samples were centrifuged at 2,800 rpm for 30 min at room temperature with no deceleration.
Buffy coats containing PBMCs were collected, washed with Hanks balanced salt solution (HBSS) without
calcium and magnesium, and resuspended in complete RPMI medium (RPMI, 10% FBS, 100 units
penicillin/ml, 0.1 mg/ml streptomycin, 10 �M HEPES). Isolated PBMCs were infected with virus at an MOI
of 3 for 20 h at 37°C and then stained for MVA, cell subset markers, and viability markers for flow
cytometry analysis.

Generation of recombinant MVAs expressing SHIV antigens. All recombinant SHIV-expressing
MVA vectors expressed the SIVmac239 Gag and Pol genes under an independent early/late vaccinia virus
promoter (modified H5 [mH5]) recombined into the deletion III site of MVA. The modified clade C HIV Env
1086C gp150 K160N gene (GenBank accession number FJ444399.1) (61) was cloned between two XmaI
restriction sites of the plasmid transfer vector pLW-73 and used to recombine into the essential region
of the MVA genome (between genes I8R and G1L) under an independent mH5 promoter. Recombinant
MVAs were plaque purified and tested for contamination with parental MVAs by PCR using primers in the
deletion III flanking regions. Lysates of virus-infected DF-1 cells were purified through a 36% sucrose
cushion for virus stocks.

Flow cytometry. For in vitro detection of cells undergoing cell death, virally infected cells were
harvested and stained with LIVE/DEAD cell viability stain (ThermoFisher), fixed and permeabilized with
Cytofix/Cytoperm (BD Biosciences), and stained intracellularly for MVA E3 protein (TW2.3; BEI Resources)
and active caspase 3 (C92-605; BD Pharmingen). For detecting the expression of SIV Gag and HIV Env by
SHIV constructs, virally infected cells were stained with LIVE/DEAD cell viability stain, fixed and perme-
abilized with Cytofix/Cytoperm, and stained intracellularly with monoclonal antibodies to p27 Gag (2F12;
NIH AIDS Reagent Program) and HIV Env (ID6; NIH AIDS Reagent Program). Infected rhesus macaque
PBMCs were surface stained with the following: LIVE/DEAD near-IR cell viability stain and anti-CD3
(SP-34-2; BD Biosciences), anti-CD14 (M5E2; BioLegend), anti-CD11c (3.9; BioLegend), anti-CD123 (6H6;
BioLegend), anti-CD20 (2H7; BioLegend), anti-CD16 (3G8; Sony Biotechnology), anti-HLA-DR (G46-6; BD
Biosciences), and anti-CD141 (1A4; BD Biosciences) antibodies. Cells were fixed and permeabilized with
Cytofix/Cytoperm and stained intracellularly for active caspase 3 and MVA. Cells were acquired on an LSR
Fortessa instrument and analyzed using FlowJo software (Tree Star, Inc.). For intracellular cytokine
staining, stimulated mouse splenocytes were stained with LIVE/DEAD cell viability stain and anti-CD4
(RM4-5; Tonbo) and anti-CD8 (53-6.7; BioLegend) antibodies. Cells were then fixed and permeabilized
with Cytofix/Cytoperm and stained intracellularly for IFN-� (XMG1.2; BD Biosciences), IL-2 (JES6-5H4; BD
Biosciences), and TNF (MP6-XT22; BD Biosciences).

Mice, immunizations, and sample collection. Six- to 8-week-old female BALB/c mice were pur-
chased from Charles River Laboratory. For MVA immunizations, mice were intramuscularly immunized
with 107 PFU of virus diluted in sterile PBS. After immunization, blood was collected via tail-vein bleed
and serum was isolated and stored at �20°C. Where applicable, cells were isolated from spleens and
inguinal lymph nodes by manual disruption through 100 �M strainers in complete RPMI medium (RPMI,
10% FBS, 100 units penicillin/ml, 0.1 mg/ml streptomycin, 10 �M HEPES, and 55 �M �-mercaptoethanol).
Red blood cells were lysed with ammonium-chloride-potassium (ACK) lysing buffer and washed twice
with PBS at 1,200 rpm for 10 min prior to use.

Measuring antibody titers. For enzyme-linked immunosorbent assays (ELISAs), plates were coated
with 0.5 �g/ml recombinant HIV gp140 (C.1086 gp140C K160N; NIH AIDS Reagent Program) or 107

PFU/ml MVA diluted in 0.2 M bicarbonate buffer, pH 9.4. A concentration of 2.0 �g/ml goat anti-mouse
IgG (M2650; Sigma) was used to coat wells for standards. Plates were blocked for 1 h at room
temperature with 5% nonfat dry milk and 4% whey in PBS with 0.05% Tween 20 (PBS-T). Serum samples
and standard dilutions were prepared in 4% whey in PBS-T. Purified mouse IgG (0107-01; Southern
Biotech) was used as the IgG standard. Samples or standards were incubated for 2 h at room
temperature, and plates were washed six times with PBS-T. Bound Env-specific IgG was detected
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using goat anti-mouse IgG-HRP (1030-05; Southern Biotech) at 1:40,000 dilution for 1 h at room
temperature, and then wells were developed using TMB (3,3=,5,5=-tetramethylbenzidine) peroxidase
substrate (KPL).

ELISpot assays. For antibody-secreting cells, 96-well ELISpot plates (Millipore) were coated with 0.5
�g/ml gp140 or 1.0 �g/ml goat anti-mouse Ig (Southern Biotech) in PBS overnight at 4°C. Plates were
washed six times with PBS-T and three times with PBS and then blocked with complete RPMI medium
for at least 2 h at 37°C. Cells were resuspended in complete RPMI medium, and a series of 1:2 or 1:3
dilutions of cells were added to plates and the plates incubated for 5 h at 37°C. Goat anti-mouse IgG
biotin (Southern Biotech) diluted in PBS-T with 1.0% serum was added for 1 h at room temperature to
detect bound mouse IgG antibody. Streptavidin-alkaline phosphatase (Mabtech) diluted in PBS-T with
1.0% serum was added for 1 h at room temperature in the dark, followed by 1-Step nitro-blue tetrazolium
(NBT) substrate (ThermoScientific) to detect spots. For memory B cell assays, 106 isolated splenocytes
were cultured in flat-bottom 24-well plates and stimulated with 1 �g/ml resiquimod (Sigma) and
10 ng/ml recombinant murine IL-2 (Peprotech) in complete RPMI medium in replicates of 8 or left
unstimulated in the medium. Cells were incubated for 3 days at 37°C. ELISpot plates were prepared as
described above. Stimulated cells were washed twice with PBS and resuspended in fresh complete RPMI
medium. Cells for each replicate were diluted accordingly and divided for plating for detection of either
antigen-specific or total IgG antibody production. Cells were incubated on plates for 5 h at 37°C.
Secondary and detection antibody procedures for antibody-secreting cell assays were the same as
described above.

Intracellular cytokine stimulations. Amounts of 106 splenocytes were cultured in 200 �l complete
RPMI medium (RPMI, 10% FBS, 100 units penicillin/ml, 0.1 mg/ml streptomycin, 10 �M HEPES, and 55 �M
�-mercaptoethanol) with HIV Env 1086C peptides or SIVmac239 Gag peptides at 37°C. After 1.5 h,
GolgiStop (BD Biosciences) and brefeldin A (Sigma) were added to each sample and the mixtures
cultured for an additional 4.5 h, followed by antibody staining for flow cytometry.

RNA-Seq. RNA-Seq analyses were conducted at the Yerkes NHP Genomics Core on naive (n � 5),
MVA/SHIV-immunized (n � 5/time point at 3 time points), and MVA-B13R/SHIV-immunized (n � 5/time
point at 3 time points) mice. RNA was extracted from lymph node cells in Qiagen buffer RLT by using the
Qiagen RNeasy micro protocol as described previously (62) and assessed for integrity and quantity using
an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). An amount of 2 ng of total RNA was used
as input for mRNA amplification using 5= template-switch PCR with the SMART-Seq version 4 ultralow
input RNA kit (TaKaRa Bio USA, Inc.) according to the manufacturer’s instructions. Amplified mRNA was
fragmented and appended with dual indexed bar codes using Illumina NexteraXT DNA library prep kits.
Amplified libraries were validated using the Agilent 4200 TapeStation and quantified using a Qubit
fluorometer. Libraries were normalized and pooled, followed by clustering on a HiSeq 3000/HiSeq 4000
flow cell using the Illumina cBot system. The clustered flow cell was then sequenced on the Illumina
HiSeq 3000 system, employing a single-end 101-cycle run with multiplexing to achieve approximately 20
million reads per sample.

RNA-Seq statistical analyses. RNA-Seq data were aligned to the GRCm38.p3 assembly of the
mouse genome from GENCODE (available at ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode
_mouse/release_M3/). Alignment was performed using STAR version 2.5.2b. Transcript abundance was
estimated internally with STAR using the htseq-count algorithm. One sample (MVA/SHIV-immunized
mouse, day 1) was discontinued from further analysis as it mapped poorly to the reference sequence.
Differential expression analyses were performed between two sample sets using DESeq2 (significance
was set at an adjusted P value of �0.05 and log2-fold change of �1.0 or ��1.0). Genes with a total count
of less than 20 counts across all samples (total n � 35) were excluded from analysis. DEGs from a
comparison were analyzed through Metacore from Thomson Reuters for the top 50 enriched gene
ontology (GO) processes. REViGO (http://revigo.irb.hr/) and Cytoscape software were used to visualize
related enriched GO processes with nodes and links with similar terms linked with edges (42, 63). Color
is related to the GO process P value, node size is related to the number of related processes, and edge
width is related to the degree of similarity. The attribute values of each network are relative to the
maximum and minimum values of that network. Gene set enrichment analysis (GSEA) was performed
using the desktop module available from the Broad Institute (https://www.broadinstitute.org/gsea/).
GSEA was run for MSigDB curated gene set collections with 1,000 permutations using the gene set
permutation type (normalized enrichment score cutoff of �1.35 or ��1.35 and false discovery rate of
�0.05). The chip platform used was derived from the GRCm38-p3 mouse reference used for mapping
and abundance estimation.

Statistics. Statistical analysis was performed using repeated-measure two-way analysis of variance
(ANOVA) with Tukey test to correct for multiple comparisons (when comparing two or more groups over
various time points), two-tailed unpaired Mann-Whitney test (when comparing two groups), or two-tailed
paired Student t test (when comparing matched samples) using Prism 7.0d (GraphPad) software. P values
of �0.05 were considered statistically significant.

Study approval. Mice were maintained and used according to institutional and NIH guidelines in a
specific-pathogen-free facility. All animal studies were approved by Emory University IACUC (Atlanta, GA).

Data availability. The RNA-Seq data set is available at the GEO repository under accession number
GSE119884.

The data that support the findings of this study are available upon request from the corresponding
author.
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